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ABSTRACT 
The possibility that pollution might deplete the stratospheric ozone 
layer and intensify solar UV at the earth's surface focuses attention on 
the role of solar UV in the various ecosystems at the earth's surface. 
Previous studies suggested that solar UV might contribute to bacterial 
die off in wastewater and the studies reported here were directed toward 
elucidating the action of solar UV in "natural" waters. 
It has been assumed that solar UV action on aquatic ecosystems can 
be evaluated (using proper models) on the basis of the following four 
independently measurable quantities: I) the intensity of solar UV at 
the water surface, 2) the attenuation of the UV in the water column, 
3) the position of the critical organisms in the water, ard 4) the 
sensitivity of the individual organisms to solar UV exposure. These four 
factors have been investigated on a continuing basis and the results of 
measurements have been utilized along with special field and laboratory 
experiments to assess UV-B a~tions. 
Field work has focused on the sucession of organisms, their locations 
in the water column, a,d under more controlled conditions, the killing 
of E. coli by natural sunlight. Laboratory work has included studies 
of UV-B lethality, its abi 1 i ty to stimulate positioning responses, and 
its depression of the photosynthetic activity of algae. Laboratory and 
field observations have been interpreted through models and our results 
are consistent with the hypothesis that solar UV is a significant agent 
for the aquatic microorganisms we have tested. 
ii 
Descriptors: Ozone, Ultraviolet Radiation, Ecosystems, Attenuation, 
Microorganisms, Intensity 
Identifiers: Position, Sensitivity 
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Project Objectives 
CHAPTER I 
INTRODUCTION 
The overall objective of this project has been to quantitatively 
determine the role of solar ultraviolet light in the processes which 
constitute "natural" water purification. More specific aims include the 
determination of the relative importance of solar UV-B lethality in 
eliminating pathogenic bacteria from wastewaters as compared to other 
bacteriocidal processes. We also wished to determine which higher 
organisms contribute to the bacteriocidal effect during natural purifica-
tion and to assess the effects which solar UV exerts upon these organisms. 
Plants doubtless play a significant role in the natural purification 
in that they supply oxygen to waters which suffer from low levels of 
this desirable constituent and they also tend to incorporate and bind 
phosphate and nitrates which should be removed from wastewater prior to 
further domestic use. A third aim of this project was to investigate 
the role of solar UV on photosynthesis by aquatic plants. 
We plan to integrate our observations into models and theories capable 
of assessing the present role of solar UV in aquatic ecosystems and 
predicting the possible consequences of ozone depletion. To develop such 
theories and models, critical laboratory and field data such as the amount 
of solar UV incident, its penetration into natural waters,UV sensitivity and 
distribution of representative organisms have been collected for a period 
spanning several years. 
1 
Background 
The fresh water resources of the United States are limited and must 
be used many times (1) before escaping into the oceans. At best, waste-
water plants with only primary and secondary treatments discharge water 
which would still need further processing before it could be used for 
domestic or recreational purposes. Wastewater, upon storage or transmission, 
will in time restore itself to high quality fresh water, free of pathogenic 
organisms and undesirable chemical components. Since no direct human 
intervention ts required for such purification, it is termed ''natural 
purification;" doubtless many diverse processes contribute to the "natural 
purification" of wastewater. 
Large quantities of fresh water are rendered unusable or even 
hazardous during the time required for natural purification to occur. If 
natural purification of domestic wastewater could be expidited, it would 
correspondingly increase the available water resources of this nation, as 
well as improve the general quality of the environment. 
The processes of natural water purification are not well understood (2), 
Wastewaters are rich in nutrients such as nitrate, phosphates and energy-
rich organic compounds. Nitrates and organic compounds may be chemically 
decomposed and escape as gas; also part of the potential nutrients in water 
may settle on the bottom or combine into chemically inert substances. In 
general, the incorporation of the nitrates, phosphates, and organic· materials 
present in_ wastewater into aquatic plants and animals would restore fresh 
water quality with minimal injury to the environment. While energy rich 
organic materials can, in principal, be metabolized in unlimited quantities, 
the amounts of phosphates and nitrates which can be assimulated by aquatic 
2 
plants is limited by the available sunlight. Furthermore, plant growth 
must be accompanied by cropping by herbivors and subsequent utilization by 
higher members of the food chain or there will be degradation of the 
environment by decay of algae and other plants. Clearly, to maintain the 
optimum natural purification of wastewater will. require extensive com-
prehension and control of complex m:ulticomponent aquatic ecosystems. 
Preliminary observations have suggested that solar ultraviolet light 
(UV) interacts with aquatic ecosystems at many trophic levels. It may 
prove that solar UV is the predominant factor removing pathogenic bacteria 
from natural water. It was demonstrated that solar UV light was germicidal 
and biocidal in general almost a century ago (3),however, the exact role of 
solar UV in natural water purification has received little attention (4,5). 
Hypotheses that modern technologies could reduce the tenuous ozone 
layer (a column of gas ~0.32 cm thick at standard temperature and pressure) 
sufficiently to produce biological and human consequences have recently been 
made (6,7). Because ozone depletion would increase solar UV, a new urgency 
has been added to the appreciation of the role of solar UV in the various 
ecosystems of the earth's surface. Questions regarding the possible pollution 
of the stratosphere by exhausts from fleets of supersonic transport air-
craft (SST's) were regarded as sufficiently pressing by the US congress that 
an appropriation·of some 20 million dollars for a four year study was made. 
The project, termed the Climatic Impact Assessment Program (CIAP) was 
completed July 1, 1975. In the course of the CIAP program, various investi-
gations into the biological role of solar UV were sponsored, Through the 
CIAP and other studies, evidence accumulated that solar UV is indeed a 
significant factor for aquatic organisms. 
3 
The work described in this report has been performed as a continuation 
of the investigations began under the CIAP program, focusing on the impact 
of solar UV on various aspects of the natural purification of water as noted 
in the statement of project objectives. 
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CHAPTER II 
RESEARCH PROCEDURES 
.. 't/-
Because the synthesis of suitable information into a theory or model 
system for predictive purposes was the ultimate objective of this project, 
the methods have been diverse and designed to obtain the specific kinds of 
data needed for the models. The methods fall into the following categories 
which will be described as subdivisions of this section. 
A. Regular or continuing observations such as recording solar UV 
incident or collecting water samples from field stations. 
B. Special measurements or collections for observing critical 
physical parameters or biological responses in the field. 
C. Simulations of natural water conditions with better control of 
experimental parameters. 
D. Laboratory experiments where detailed measurements of biological 
response can be made with minimal variability. 
A. Regular Observations 
1. Measurement of Incident Solar UV 
A recording solar UV meter network has been established for investi-
gation of the solar factor in human skin cancer. This network includes nine 
stations distributed from Florida to North Dakota. The meter-recorder unit, 
which has been used to monitor solar UV incident in Lexington, Kentucky is 
identical with the meters of the cancer network. The operation of the meter 
(The Robertson-Berger Meter) has been described in a number of publications 
(8,9), In brief, the system includes a sensor which detects the UV-B 
5 
component of incident solar radiation. The UV-B region is defined as wave-
lengths from 280-320 nm and this portion of the solar spectrum is known to 
be the most biologically injurious part of solar radiation reaching the 
earth's surface. The sensor does not detect sunlight in this wavelength 
range simply as irradiance, but through an ingenious use of fluoresence 
characteristics, the various components of UV-Bare weighted in proportion 
to their biological effectiveness, The weighing system was designed to 
match the relative effectiveness (action spectrum) of UV-Bin producing 
human erythema (8). However, the relative effectiveness of different UV-B 
wavelengths for killing_!:_. coli are similar to the erythema action spectra 
(10). The few other action spectra for lethality also approximate the 
_!:_. coli action spectra for lethality (11). The Robertson-Berger meter 
prints the amount of weighted solar UV each half hour. Table I shows a 
copy the recorder tapes from 6-28-77 through 7-4-77, In gene.ral the solar 
UV intensity varies inversely with the ozone thickness penetrated in 
reaching the ground. There is a large dependence on time of day and year; 
mid-day and mid-summer when the ozone column is minimum are the high 
intensity periods. Figure 1 shows the weighted solar UV intensity for 
two clear days. The Robertson-Berger meter system records an arbitrary 
unit, the "count." An integrated "dose" of 400 counts will produce a 
minimum detectable erythema in a fair-skinned human if delivered in 1/2 
hour. This minimum erythema dose, i.e. 400 counts has been established as 
the basic unit and is termed a SU, signifying a sunburn or solar UV unit. 
Figure 1 also illustrates an integrated dose of 2.5 SU as delivered by a 
laboratory source of solar UV-B. 
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Table I. Robertson-Berger Meter Output From 6/28/77 Through 7/4/77, Meter 
System Records an Arbitrary Unit Cal led "Counts" (TC= Total Counts). 400 
Counts= I Sunburn Unit (SU); a Dose Which Produces a Minimum Detectable 
Erythema in Fair-Skinned Hu~ans if Delivered in 1/2 Hr. Printouts Are Every 
Half Hour and Line Indicates Solar Noon. 
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The University of Kentucky Robertson-Berger meter has been used for 
essentially continuous recording of solar UV during 1973 through 1977. 
Since only one sensor was available, the meter has been used for calibration 
of laboratory sources, measurement of penetration of UV-Bin natural waters 
and biological or physical meausrements at other locations. Therefore, 
there are some discontinuities in the record of incident solar UV-B. 
2. Field Collections 
Beginning in March 1976 and ending in August 1977, weekly collections 
were made from the four waastewater lagoons of the West Hickman Wastewater 
Treatment Plant, Jessamine County, Kentucky. Also the Lexington Water 
Company reservior was used as a collection site during much of this period 
and is considered to represent a nonpolluted "natural" water body relatively 
similar to the lagoon system. Other "natural" water bodies were occasionally 
examined (ponds, lakes, etc.). Samples (250 ml) were collected from the 
surface, 50 cm, 100 cm, and 150 cm, (the depth of the lagoon system). At 
times the lagoons were shut off and the water level reduced to approximately 
100 cm depth. Tables II and III illustrate actual field collection work-
sheets. As indicated in these tables, samples were quantitatively examined 
for diverse micro-organisms. Some of the type field data illustrated in 
tables II and III have been analyzed for relevance to solar UV, while 
other observations will be available for future study. 
B. Special Collections and Observations 
1. Penetration of Solar UV-B Into the Lagoon System 
The Robertson sensor has been waterproofed and can be lowered into 
natural waters for measurement of solar UV-B intensity at various depths 
below the water surface. Such measurements have been made in numerous 
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LAGOON l OUTPUT 
Weather Sunny 
UV Rate at Col1JSU/2Hr. ___ _ 
Collection Time 
Co 11 ecti on Date 12-14-76 
Dose Previous Day----------
Dose to time of co '!..----------
Flow for Previous Week: mg/day Tu5.29 W_4.24 fh3.33 Fri 3.14 5at3.37 Sun3,4i._Mon 3.4 
Sample Depth Date 
8ottom Time 
Sample Temperature Surface 50 cm. 100 cm. 1.5 m Count Notes 
40 40 40 ,.n 
BACTERIA FC .60 6n on 7, 
Tc 42 1?n ion ,CQ 
Otner 
. 
~LGAE Eug1ena 0 n n n 
Flaoellate 2500 4500 11nnn , ? ,nn 
Colonial 0 n n n 
Diatoms 6000 3oon 4,nn Lnnn 
Other 0 0 n n 
Scenedesmus 500 0 n n 
PRUTOZOANS Sm. F laoell ate 0 0 0 n 
sm. Cil ,ate 0 0 n n 
Coleos 0 3 f. ,n 
Vorticell a 0 0 0 n 
Didrnium 0 0 0 n I 
:,ten tor 0 0 0 i n 
Other Frontoni 0 0 0 n -- - ~ 1 
Coloid1um 0 0 n 
. 
0 
\U I lt tK!> 
Brachionus 0 0 n n 
Noteus 0 0 n n ? -
R. citrinus 0 0 0 n .c,, ____ .__ 
-
. il: 
Triarthra 0 0 0 ·.'l 1--- . ___ ,, 5 
n 
~EMATODES 0 0 0 0 . 
~RTHROPODS I I 
Nauo 1 , us 0 0 0 n I 
Cvori s 0 0 0 I 0 
Cvcloos 0 0 0 I 0 
Daphni a 0 0 0 I 0 
Insect Larvae 0 0 0 I 0 
Other 0 0 0 0 
I i ! 
JTHER I 
lRGANISMS I i 
! I I I 
' I
! : 
Table I I. Winter Field Collection Worksheet. 
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LAGOON 2 OUTPUT 
Weather partly cloudy 
UV Rate at Coll./SU/2Hr. ----
Dose Previous Day 
Co 11 ecti on Ti me 11: 30 
Collection Date 6/29/77 
~~---------Dose to time of col. --------~ 
Flow for Previous Week: mg/day Tu~W_ 2.99Th 3.31 Fri 4.26 Sat 3.57 Sun--3...2a_Mon-3...1._ 
Sample Depth 
Sample Temperature Surface 50 cm. 100 cm. 
26.0 2,., ,s ll 
BACTERIA FC ! 80 124 1 0/. 
TC 9000 1 ,, (l/'l(\ I 1 /, (\(\(\ 
Other 
I 
~LGAE Eualena 0 ll n 
Fl aqe 11 ate 0 0 0 
Colonial 500 0 n 
Di atoms 500 1500 rnnn 
Other Golinki na 0 500 1000 
Scenedesmus 0 0 son 
corkscrew flag 1000 0 500 
Protococcus 0 0 n 
PROTOZOANS Sm. Flagellate 0 500 0 
Sm. C1l1ate 0 0 0 
Coleos 0 0 0 
Varticella 0 0 0 
Did mi um 0 0 0 
Sten tor 0 0 0 
Other Frontonia 0 0 0 
Colpidium 5 3 9 
Jumpers 500 500 500 
Colpoda 0 0 18 
{OT!FERS 
Brachionus 1 0 2 
Noteus 3 0 4 
R. citrinus 0 0 0 
Triarthra 1 0 I 3 
I 
~EMATODES 0 0 
,RTHROPODS I 
Nauolius 0 I 0 0.5 
Cypris 0 ! 0 I 0 
Cyclops 0 I 0 0 
Daehnia 0 I 0 0 
Insect Larvae 0 i 0 0 
Other 0 : 0 0 
i 
JTHER Orthodon 0 I 0 0 
)RGANISMS ' . 
i 
I 
I 
Table I I I. Sunner Field Collection Worksheet. 
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waters (11) and had been made previously in the lagoon system (5). A 
measurement made in the course of this study closely reproduced previous 
values and no further measurements seemed required. 
2. The Location of Organisms During the Day 
The protozoa Coleps has been one of the most persistant organisms 
in the lagoon system. Analysis of the distribution of this animal in 
the regular collections indicated that its distribution was highly dependent 
on solar irradiation. Laboratory tests provided information on lethal and 
positioning responses to illumination. Collections were made at different 
times of day to see if the animal was responding to light for its vertical 
position. The animals were collected and counted in the same way as was 
done in regular collections. 
C. Simulation of Natural Water Conditions 
1. Survival of E. Coli 
One of the most significant findings of the fresh water research 
program is the observation that solar UV may be the principal agent which 
kills pathogenic bacteria in natural waters (5). The observations of 
die-off of.!',_. coli in the lagoon system are in accord with the above postulate. 
However, a lagoon system is clearly subject to many uncontrolled physical 
and biological variables. We have obtained large samples of lagoon water 
which after careful examination for the biota were subjected to natural 
solar radiation from 1-3 days. Samples of E. coli were confined in solar 
UV transmitting glass vessels and periodically sampled. The test vessels 
were located at the surface of the lagoon water and at 10 cm depth: ''Light" 
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controls were exposed in vessels (lucite plus mylar) which filtered out 
the UV-B component of sunlight while "dark" controls were held for the 
duration of the test in complete darkness. Counts of viable coli (both 
fecal and totals) were made using the membrane filter technique (12). 
The various coliform counts were then plotted and analyzed as a function 
of time and of UV-B exposure. 
D. Laboratory Experimentation 
1. Radiation Sources 
All laboratory experimentation required a source of radiation simulating 
sunlight or those portions of sunlight under investigation. In contrast 
to most environmental agents, exposure to sunlight, and especially solar UV-B, 
varies enormously in magnitude over very short periods of time. It is 
clearly beyond the scope of this project to attempt to follow even the most 
predictable variations in solar UV-B. Two spectra have been selected for 
UV-B irradiation of biological subjects and the intensity of irradiation 
from these light sources has been held constant throughout the experiments. 
Radiation was generated using fluorescent "sunlamps" and a filter 
system. A pyrex glass filter generates a wavelength distribution in the 
solar UV-B region (295-320) roughly approximating the solar irradiance 
reaching the earth's surface (Figure 2). One source (the 1/4" pyrex filter) 
generally approximates the solar UV-B spectrum which would occur with an 
ozone column thickness of .16 cm at STP (a 50% reduction from nominal 
present levels). The second source (1/8" pyrex filter) more nearly 
simulates a pure UV-B source and has relatively less of the UV-A (320-
400 nm) component present in sunlight than the 1/4" filtered source. 
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Figure 2. Solar UV Spectra, and Spectra Generated by FS-20 Lamps and 
Pyrex Filters of Varying Thicknesses. 0-0 Solar Spectrum with 03= .32 
cm at STP; X-X Solar Spectrum with Or .16 cm at STP; o-o Simulated 
Solar Spectrum Generated by Using Sunlamps plus I/~' Pyrex Filter; 
V-V Same as Above Except Using 1/8" Pyrex Fi I ter. Al I Spectra Were 
Normalized to 320 nm. 
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The light sources were calibrated using the Robertson sensor and the 
intensity was maintained at a constant level using a UV sensitive photo-
detector. The output of the light source is dependent on the applied 
voltage and the spectral distribution remains constant. Thus, variation 
of lamp emission over time can be controlled using a variable transformer. 
The intensity of simulated solar UV-Bused for most laboratory tests was 
2.5 SU/Hr. (see figure 1); this dose rate approximates the UV-B incident 
at noon on Lexington, Kentucky on a sunny summer day. 
It is highly desirable to distinguish the effects of solar UV-B 
from the action which could be attributed to solar UV-A or visible com-
ponents of solar radiation. Optical filters of various types have been 
used (Figure 3). If a filter which transmits UV-A well, but has little 
transmission below 320 nm is interposed between the test organism and the 
light source the action of the longer wavelength radiation can be experi-
mentally evaluated. Organisms treated in this manner have been termed 
"light" controls. Various materials have been used to shield the light 
controls from the UV-B of the radiation source. Ideally, the filter should 
have a very sharp cutoff of wavelengths below 320 nm. No such ideal filter 
has been found. In the course of experimentation different materials have 
been used depending on their availability in the proper shapes (sheets, 
cylinders, etc.). 
2. Lethality Studies 
The sine qua non of response is survival. Regardless of other actions, 
organisms must survive an acute exposure to an environmental agent or they 
cannot use the exposed habitat. The acutely, lethal exposure to solar UV-B 
defines the upper limits of tolerance to this agent. The survival of a 
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'Figure 3, Transmission of UV Wavelengths Using Various Filters. (Al I Values Have Been Norma~ ized 
to 400 nm). X-X Quartz; 0-0 UV Transmitting Glass; V-V Lucite;O -0 Plastic Cylinder plus Six 
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number of organisms exposed to real or simulated solar UV-B has been 
determined, In general, the determinations are relatively straightforward. 
The criterion of survival of all organisms except arthropods is the ability 
to reproduce. Because arthropods have such a long life cycle, lethal 
response has been deduced from short term survival of irradiated adults. 
All other organisms have been required to undergo a number of divisions 
subsequent to radiation before being considered a survivor. The UV 
response is presented as a dose response curve for survival and as is 
customary in radiation biology, the log of the surviving fraction is 
plotted against the dose. More specific details of measurement of lethality 
for various organisms are noted below. 
a. Bacteria and Yeast 
Four strains of pathogenic bacteria have been tested for sensitivity 
to solar UV-B, Neisseria gonorrhea, Salmonella paratyphi B, Staphylococcus 
aureus, and Staphylococcus epidermidis; these bacteria have been obtained 
from local microbiologists (Drs. Humphries and Noble). The Salmonella 
and Staphylococcus were long term stock cultures while the Neisseria was a 
recently isolated strain. 
The widely studied and occasionally pathogenic organism Escherichia 
coli has been the prime subject of much of our research. Clones have been 
isolated from the lagoon water and were subjected to a variety of laboratory 
and real sunlight experiments. 
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For comparison with pathogenic organisms, some free living organisms 
have been studied including a water bacterium identified as Flavobacterium 
ferrugineum as well as a haploid strain of the yeast Saccharomyces 
cerevisiae (SC 7) which has been in culture for many years. 
The techniques of culture and irradiation were those customary in 
bacteriology. Table IV summarizes the culture media and techniques used 
for the study of colony forming organisms. Organisms were propogated 
either in liquid nutrient or on agar. Most organisms were in log phase 
growth at the time of irradiation. Typically log phase agar colonies 
were suspended in nutrient broth and suitably diluted for experimentation. 
Allquots of the suspension were spread on nutrient agar plates and 
subjected to the desired doses of UV-B. The plates were incubated as 
indicated in Table IV and counted for colony formation. Separate tests 
demonstrated that irradiation of agar plates did not generate toxic 
products. Liquid suspensions of!· coli were directly irradiated in some 
experiments and after suitable dilution; colony formation was subsequently 
determined by the membrane filter technique (12). 
b. Protozoans 
Five protozoans, Cyclidium, Vorticella, Paramecium, Coleps, and 
Euplotes, recently isolated from the lagoons have been subjected to 
extensive laboratory study. Four strains of ciliates from long term 
culture were also tested (2 Paramecia, and 2 Tetraaymena). The protozoans 
are ciliates and bacteria feeders; good protozoan growth has been 
obtained in a lettuce infusion media (1 gm of lettuce powder/liter and 
subsequent innoculation with!· coli). The lagoon Paramecium, Coleps, 
and Euplotes also ingest algae and have been cultured in lagoon water 
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"' 
ORGA'IIS'1 
Staphylococcus aureus 
?taphylococcus epidermidis 
Neisseria oonnorhea 
Salmonella Scnottmuelleri 
--To-denseT -
INCUR/ITION TE'1PERATURE 
37°C 
25°C 
37°C 
Increased co2 tension usino candle jar 
37°C 
Flavobacterium ferruoineum 
(Yello1·1-01nMented Pll f1acterium) 
25°C 
Saccharomycescerivisiae 25°C 
Table IV. Microbial Culture Media and Techniques. 
L H)lJI!) CULTURE '1ED. 
T-soy broth 
T-soy broth 
G-C 'ledium Base 
with IsoVitale X 
(diluted 1 :20) 
2% flextrose 
1% Yeast Extract 
1% Bacto-neptone 
n nextrose 
1 '.'. Yeast extract 
1% Bacto-oeptone 
2% Dextrose 
1% Yeast extract 
1% Racto-nertone 
/\GAR CULTURE '1EDitl'1 
T-sov broth+ 21, aqar 
T-soy broth+ 2% aoar 
G-C Medium Rase enriched 
~,ith IsoVitaleX 
2% aqar 
2% dextrose 
l % veast extract 
1% bacto-peptone 
2l'. aoar 
2% rlextrose 
1% veast extract 
1 % Bacto-neotone 
2% anar 
2% rtextrose 
1% Yeast extract 
1% Bacto-oentone 
that has been filtered and innoculated with a mixed culture of algae 
isolated from the lagoon system. The algae containing media and 
protozoan cultures were exposed to illumination from 2-20" fluorescent 
lights, 16 hours on, 8 hours off, at approximately 60 cm distance. 
Both the mixed algae and the protozoans grew well under these conditions. 
The protozoans were irradiated with UV-Bin shallow(~ lmm) containers of 
medium; the attenuation of UV-B by the suspending medium could be 
neglected. Following irradiation, the protozoans were isolated into 
depressions containing 0.2 ml of medium. Unirradiated or light control 
animals grew well in the isolated depressions and were considered to be 
survivors following 3 or more post-irradiation divisions. Survival was 
scored by determining the fraction of isolated organisms which survived. 
No time limit was set upon survival; most nonsurvivors lysed shortly 
after isolation. 
c. Arthropods 
The UV-B induced lethality in arthropods is more difficult to 
determine. Arthropods undergo long and complex growth cycles. Obviously, 
if the adult organisms do not survive they cannot reproduce normally, 
We have tested adult arthropods for lethality by comparing their survival 
following irradiation with unirradiated control animals. It is possible 
that even the survivors might produce aberrant or low viability offspring. 
Thus, we feel that arthropod lethality as we have measured it is the 
upper limit of tolerance to solar UV-B exposure. 
The two local arthropods we have tested, Cyclops and Cypris were 
isolated from the lagoon system where they are common. They were grown in 
mixed cultures of lagoon water containing a variety of algae. The arthropod 
cultures were exposed to light as were the protozoan cultures. The 
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postirradiation survival of arthropods was tested by isolating groups 
of 4-8 animals in their growth medium in quartered plastic petri plates. 
Severly injured organisms became totally immobile and died in 1-8 days 
following radiation. Control animals died at a much lower rate over a 
period of 2-4 weeks. 
3. Positioning Studies 
a. Radiation Technique 
Organisms were tested with the UV-B components of sunlight as in 
lethality experiments; the "simulated solar UV-B" was produced using 
Westinghouse FS-20 type lamps and a filter of 1/4" pyrex glass. The 
system was calibrated using the Robertson Sensor and the UV-B intensity 
was set to equal the biological activity of Kentucky-noontime-summer-
sunlight, 2.5 SU/hr. For horizontal positioning, visible illumination was 
incident from below as well as from the sunlamps so that a variation of 
UV-B from 0-2.5 SU/hr. produced little change in total irradiance _ 
incidence on the light exposed test organisms. 
b. Test Chambers and Assay System - Horizontal Motion 
Figure 4 shows the chambers used for testing horizontal movements 
of organisms. The organisms can locate themselves in any one of the 
three chambers cut in a lucite block. One chamber was exposed to the 
simulated UV-B through a UV transmitting quartz plate (the UV chamber). 
The second chamber was identical to the first except that the quartz was 
replaced by lucite and thus UV below 350 nm was eliminated while longer 
wavelengths from the UV-B simulator reach the test organisms; the third 
chamber was kept dark. The test organisms, usually 5 or 10 per chamber, 
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Figure 4. Chambers Used to Test Horizontal Move-
ments of Organisms. Large Apparatus Was Used for 
Crustaceans; the Smaller Apparatus Was Used for 
Protozoans. Each Triangular Segment Represents 
One Complete Test Unit. "Gates" Are Teflon Plugs 
Which Block the Interconnecting Channels Between 
the Three Chambers. 
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were loaded in equal numbers into the three chambers with the "gates" 
closed. The gates were then opened when the system was placed under illumin-
ation. At predetermined times the gates were closed and the animals in 
each chamber were counted. From the distribution of the test animals at 
various times it was deduced that test species avoided or were attracted 
to 1) UV-B; 2) visible light; 3) dark; or 4) were indifferent to photic 
stimuli. 
c. Test for Vertical Motion 
We have assumed that organisms confined to a vertically oriented 
tube would move up and down in response to radiation in the same manner 
that they would move in a large open water body. Since solar UV-Bis 
scattered as well as absorbed, a portion of the irradiance at any point 
in the water body will arise from photons laterally scattered as well as 
photons transmitted from the surface. It is important to have the material 
outside the confining tube be optically the same as the medium used for 
the test animals. Ideally, the UV exposure tubes should not absorb the 
scattered UV-B. Since we do not have suitable quartz tubes, we have used 
UV transmitting glass (see Figure 3) which only slightly attenuates the 
stimulated UV-B. The tubes ,and water column were 16 cm long and 2 cm 
in diameter, and reduced UV-B to 10% of surface intensity at the bottom 
of the tubes. Similar tubes of lucite plus mylar and a lucite cover were 
used as light controls. Six windings of mylar were added to the lucite 
cylinders to attain the desired cut off of UV-B wavelengths(see Figure 3). 
A set of "dark" control cylinders were set up in the same manner as the 
UV and light cylinders, but were held in the dark during the UV and 
light tests. 
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Test animals were mixed with medium and poured into each tube. The 
sample tubes were located within a large animal jar and the jar filled 
with filtered lagoon water to the same level as the test suspension. 
Samples were uniformly mixed at the beginning of the experiments. After 
preselected times, samples were removed from six locations ranging from 
the surface to the bottom of the cylinders. Patterns of response were 
deduced by the manner in which the animals redistributed themselves 
during exposure. 
4. The Effect of UV-Bon Photosynthesis 
Stock cultures of Euglena gracialis were grown in. Algro media 
(Carolina Biological Supply) and were grown at a temperature of 22°C 
with a day/night cycle of 16/8 hours. 
The photosynthetic rate was determined by the uptake of c14 supplied 
as bicarbonate ion using the modified technique of Steeman-Nielsen (13). 
Four!· gracialis samples each containing approximately 2 x 104 organisms/ml 
were placed in 15 ml tubes containing a magnetic stirring rod. Identical 
samples were enclosed in a combination magnetic stirrer and circulating 
water bath at a constant temperature of 22°C. Two of the above samples 
were covered with UV-B transmitting commercial grade quartz and the other 
two were covered with window glass (for transmission curves see Figure 3). 
Exposure to UV-B was from a bank of eight FS-20 Westinghouse Sunlamps 
which was positioned above the samples filtered by 1/4 pyrex. Visible 
light exposure was from two banks of two each F15T12 Cool White General 
Electric lamps which were located horizontal to the E. gracialis samples. 
A fifth!· gracialis sample was placed in a water bath and kept in 
complete darkness. 
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A 0.4 microcurie sample of sodium bicarbonate-cl4 was introduced 
into each sample. Uptake of cl4 was allowed to proceed for four hours. 
The algae were then filtered onto a Millipore HAWP-02500 (0.45 um) 
filter. The filter was placed in a scintillation vial containing 
Aquasal Universal LS C Cocktail and counted after the filter had 
dissolved. 
The above procedure was performed three times. A fourth experiment 
was performed under identical conditions except that exposure to UV-B 
and visible light were from actual sunlight. 
Exposure rates were 2.5 SU per hour from the simulated UV-B source 
and an average of 2.0 SU per hour from the actual sunlight. 
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CHAPTER III 
DATA AND RESULTS 
A large amount of data has been collected in the course of this 
project. Much of the collected data is still being analyzed and the full 
implications of the collected material will not be available for some time. 
The daily and seasonal variation of solar UV-Band the corresponding 
appearance and demise of aquatic biota in the lagoon system are examples of 
such data included in the information we have obtained. Rather than 
attempt to compile the bulk of our observations, our results will be 
presented as certain critical observations. We will then from our observa-
tions draw hypotheses regarding the role of solar UV in aquatic ecosystems. 
We then attempt to verify and elaborate upon our hypotheses using our 
and other relevant observations. 
A. The General Trend of the Lethal Action of Solar UV 
The germicidal action of solar UV has been known for more than a 
century. However, quantitation of the killing action of solar UV has only 
recently become practical because of the lack of an appropriate way of 
specifying solar UV dose. The Robertson-Berger Meter now permits the 
comparison of lethal responses of various organisms. Many large animals, 
including dark skinned humans, can endure full tropical sunlight all-day 
every-day without apparent injury. But our observations demonstrate that 
immunity to solar UV injury is certainly not a general condition, but is 
only evident in large organisms which devote a large component of their 
bodies to an inert UV shielding layer. Organisms in Kentucky immune to 
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solar UV effects would have to tolerate a minimum of 20 SU per day without 
measurable injury (note Table I). The responses of organisms found in 
various waters are illustrated in figures 5-10. Of all the micro-organisms 
tested ( a number of additional survival responses are reported in 
reference 14) only the arthropod Cypris might be able to tolerate full 
strength summer sunlight on a continuous basis. 
In general, there is a correlation of the UV-B resistance of various 
micro-organisms and their exposure to solar radiation. The pathogenic 
bacteria which spend most of their life cycle protected from solar radiation 
are substantially more UV-B sensitive than are the organisms inhabiting 
solar exposed natural waters. Neisseria gonorrhea (Figure 5) a bacterium 
transmitted by personal contact and with little chance of solar UV-B 
exposure is the most sensitive of the organisms tested, while!· coli 
(Figure 6) which probably undergoes some part of its life cycle in solar 
exposed conditions between hosts, is relatively resistant compared to 
Neisseria. The Flavobacterium and Shigella (Figure 7) are bacteria 
frequently found in our natural water collections and are very resistant 
compared to the bacteria inhabiting higher animals. The exposed lifestyle 
of Saccharomyces cerevisiae correlates with the generally high resistance 
shown in Figure 7, The free living aquatic protozoans and arthropods would 
be expected to show a high resistance to solar UV and Figures 8 and 9 
generally confinn this expectation. The arthropod Cypris is the only 
organism tested which is able to tolerate the UV-B of a sunny day without 
measurable injury. Algae, and all other plants, must receive solar UV-B 
exposure in the course of their photosynthetic activities. They are, in 
general, resistant to solar UV-B but still are unable to tolerate the amount 
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Figure 5. UV-8 Dose-Response Curves for Pathogenic Bacteria. 0-0 
Staphylococcus aureus; ~-¢Staphylococcus epidermidis; t:,.-t:,.Neisseria 
gonorrhoeae. Filled Symbols Indicate Real Sunlight Exposure; Open 
Symbols Indicate Exposure to Simulated Solar UV-8. 
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Figure 6. UV-B Dose-Response Curves for E. coli Using Various 
Techniques. 0 -a Irradiated by Sunlight in Lagoon Water; 0-0 
Irradiated by Simulated Solar UV-Bon Millipore Filters; V-V 
Irradiated by Sun! ight on Millipore Filters; and X-X Irradiated 
by Simulated Solar UV-Bon Agar Plates. 
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Figure 7. Dose-Response Curves of Bacteria and Yeast Commonly Found 
in Natural Water Collections. Upper Graph: 0-0 Shigell~; V-V 
Saccharomyces. Lower Graph: 0-0 Flavobacterium. Filled Symbols Indicate 
Exposure to Actual Sunlight; Open Symbols Indicate Exposure to Sim-
ulated Solar UV-8. 
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Figure 8. Dose-Response Curves for Free-Living Aquatic Protozoans. Panel 
A: 'J-V Vorticella; 0-0 Colep'!_;O-D Euplotes;O-O~clidium. Panel B:0-0 
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Figure 9A. Time-Mortality Curves for Marine (Icelandic) and Freshwater 
Copepods. Top Graph (Icelandic Species): 0-0 Light Control; 1-1 Dark Control; 
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SU;~ -0 16 SU; and X-X 20 SU. All the Above Exposures Were to Simulated 
Solar UV-B Using l/811 Pyrex Filter. 
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Figure 98. Time-Mortality Curves for the Ostracod Cypris. 0-0 Light Control; 1-1 Dark Control; 6-6 
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of solar UV-B incident at the water surface during one day (Figure 10). 
Although different species were tested, the Icelandic organisms are so 
much more UV-B sensitive that a correlation of sensitivity to the reduced 
exposure at high lattitudes is suggested. 
In all results reported here and in other investigations in our 
laboratory, real sunlight UV-B doses are more injurious than is our 
simulated UV-B. Thus, the rather surprising sensitivity inherent in 
organisms cannot be attributed to artifact inherent in the manner solar 
UV-Bis simulated or the way UV-B doses are measured. 
In broad outline, the survival results (Figures 5-10) indicate 1) UV-B 
resistance correlates with the life style or life cycle of organisms; 
2) the aquatic biota are in general so sensitive to solar UV exposure that 
avoidance of, or some mitigating response to potential and real exposure 
are absolutely necessary. 
Many (but clearly not all) terrestrial plants and animals survive 
full sunlight day after day without injury. Some of these organisms (corn, 
millet, digitgrass and peanut) have been demonstrated to tolerate sub-
stnntial increase in solar UV-B (corresponding to a decrease of ozone to 
.18 cm 03) without measurable impairment of growth. The situation of 
aquatic organisms is different. They cannot be indifferent to solar UV-B 
exposure when high sun exposures of a few minutes to a few hours are 
acutely lethal. We have examined both analytically and experimentally some 
of the avenues which the various biota utilize to thrive in their particular 
ecological niche. Only by establishing the reserve tolerance which various 
organisms have for increased UV-B exposure and the way in which this 
tolerance is.generated will we be able to accurately predict the con-
sequences of ozone depletion upon organisms and ecosystems. 
34 
100 
50 
20 
10 
.....J 5 
<( 
> 
> 2 a:: 
::::::> 0 2 4 6 8 10 12 U) 
..... -o z ,0 LLJ 
<..) 
a:: 
LLJ 
a.. 
20 
10 
5 
2 
lo 2 4 6 8 10 12 
DOSE (SU) 
F.igure 10. Dose-Response Curves for Freshwater and Marine (Icelandic) 
Algae. Top Graph (Freshwater, Temperate Species): 0-0 Rhizoclonium; 
6-6 Platydorina; 0-0 Eudorina. Bottom Graph (Icelandic Species): 0-0 
Thalassaiosira gravida; 1-1 T. polychordum;o-oNitschia; 6-6 Chaceros 
decipens; V-V C. deb I is; and 0-0 Skeletonema. 
35 
14 
14 
B, Laboratory Measurements for Pathogenic Bacteria 
Neisseria gonorrhea is the most UV-B sensitive organism which we have 
tested (Figure 5). It is obvious how this organism copes with environmental 
UV-B. The entire life cycle is spent within the protective body of the 
host. However, the solar radiation resistance of N. gonorrhea is much 
greater than a repair defective mutant!· coli (15). 
The pathogen Salmonella schottmuelleri is closely related to!· coli 
and the bacterium producing thyphoid fever (Salmonella !YEbi) a disease 
well known to spread through polluted water. The high sensitivity of 
Salmonella schottmuelleri to UV-B (Figure 5) is rather surprising and it is 
especially odd that typhoid fever shows a peak incidence in summer, a time 
when solar UV-Bis especially intense. However, the summer peak matches 
the fly population, known to transmit the disease. Fly borne typhoid 
epidemics and water borne epidemics show quite different seasonal patterns 
according to I.I. Elkin (16) (regarding water borne epidemics) who notes: 
"The occurrence of the minimum incidence during the summer months and the 
maximum during the winter and spring is connected with the fact that auto-
pt.rification properties of water are greater in summer than during winter." 
The bacterium most extensively studied is the common Escherichia coli. 
The decline of numbers of this organism in the lagoon system and its close 
correlation to incident solar UV-B was previously noted (5). We have made 
more definitive observations of the UV-B lethality and its capacity to grow 
while residing in the lagoon system. Figure 6 shows that the resistance 
of E.coli is dependent on the method of measurement, especially the 
suspending medium at the time of irradiation. Coli exposed to natural 
sunlight while suspended in lagoon water were more resistant that those 
exposed on the surface millipore filters or agar plates. The difference 
cannot be attributed to attenuation of UV-Bin the water, but must derive 
from physiological changes under the different growth conditions. 
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C. Survival of E. Coli Under Simulated Field Conditions 
Figures 11 and 12 show typical results of!• coli responses upon 
simulation of natural water conditions (as described in the methods section). 
The total and fecal coliforms behaved in essentially the same way. The 
two factors previously postulated to influence the decline in coliform 
counts in natural waters i.e., solar UV-Band the growth potential of the 
coli during the exposure, were clearly demonstrated in our experiments. The 
decline of coli could not be attributed to ciliate predators. The samples 
of sewage plant secondary effluent were free of protozoans and no bacteria-
feeders developed in the course of the experiment. The growth rate of 
!• coli in the laboratory was observed to be 16 generations/week (Figure llA); 
somewhat higher than the previous (5) estimate of growth rate (10 generations/ 
week). While the sunlight exposed coli are clearly killed in close correla-
tion with the UV-B exposure, the controlled simulations of the lagoon 
situation demonstrate that there are agents other than solar UV-B which 
kill coliform bacteria in the sewage plant effluent. There is a reduction 
of coli held in darkness in the laboratory samples (Figure 11) which begins 
about 1 day following isolation of the samples. The source of this decline 
is not known, direct examination shows it not to be a predator, but it might 
be a viral or microbial parasite (Bdellovibro) or perhaps a chemical con-
dition, pH, co2 etc. Analysis of Figure 11 and other similar experiments 
suggest that the non-sunlight killing only becomes significant after one 
day of dark incubation since there is net growth in numbers before this 
period. Because of the delay in death of the coli it is clearly possible 
that the bacteriocidal agent in the laboratory stored sample is biological 
and perhaps unimportant in nature because it itself is killed by sunlight. 
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Figure 11 clearly demonstrates that, as previously postulated (5), 
growth of coli in natural waters is significant and would contribute to 
their apparent resistances to solar UV-B. During the night when sunlight 
is not killing the bacteria there is a net increase in both fecal and total 
coliforms. The attenuation of 10 cm of lagoon water would reduce the UV-B 
dose to about 20% (5 and Figure 13)of the initial value. Although the 
rate of killing of .E'.· coli in the sample exposed at 10 cm depth is clearly 
less than in the sample exposed at the surface, the effective dose reduction 
is less than the 80% which would be expected if UV-B were the only component 
of solar radiation which killed E.coli. Our observations indicate the 
longer wavelength killing is substantially less effective considering the 
great increase in solar UV-A and visible intensity compared to UV-Bi 
however, longer wavelengths must contribute to the germicidal activity of 
sunlight. 
D. Field Observations of E. Coli 
Figures 14 and 15 show the total and fecal coliform densities in each 
lagnon for March and April 1976. The lagoon system was in full operation 
only for these two months, therefore the bacterial densities in the sub-
sequent months in which most of the lagoons were shut down will not be 
discussed. From the figures, two observations can be made: (1) generally 
the bacterial densities increased from early March through mid April; 
(2) synchrony in the coliform densities can be noted between each lagoon 
sample on the same date. That is, an increase (or decrease) in coliform 
density can be seen simultaneously in each lagoon during the same sampling 
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period. Moeller (17) also observed this phenomenon in his study of the 
lagoon system during September 1973 through July 1974. His data is more 
complete in this aspect, since the lagoons were in full operation during 
the course of his investigation. 
The observation of parallelism in coliform density cannot be explained 
on the basis of hydraulic flow in the system since a bacterial density 
peak in the first lagoon would not be expected to appear in the fourth 
lagoon for a period of 4 to 8 days (17). If simple hydraulic flow is not 
the cause of parallel flucuations then one or more external influences 
must be directly or indirectly causing this phenomenon. It has been 
hypothesized that temperature, wind action, and/or sunlight which affect 
each lagoon similarly and simultaneously, may cause the observed response 
(17,5). Only the effect of solar ultraviolet irradiation will be considered 
here. 
It is reasonable to assume that if UV-Bis lethal to bacteria, then 
on "sunny" days the bacterial densities in all the lagoons would simultan-
eously decrease; and conversely, the bacterial densities would increase on 
overcast days when the incident solar UV-B would be less, providing there 
were no other injurious agents (~igures 14 and 15). It has been shown by 
a number of investigators (5,17,18, Figures 5 and 6) that UV-Bis indeed 
lethal to coliforms and other pathogenic bacteria. It appears that the 
fecal coliforms are somewhat more resistant at these low doses. However, 
figures 5 and 6, as well as Moeller's data, indicate that the total coli-
form bacteria may be more UV resistant during extended periods of exposure 
to irradiation as would occur during the transit of the bacteria through 
the lagoons. Figure 16 is a graph of the surviving fraction of bacteria 
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that has passed through the entire lagoon system plotted against total 
UV dosage received during transit. We have assumed linear interpolation 
between the measured coliform densities in lagoon input and have corrected 
for actual flow data. Since all four lagoons were in full operation for 
less than two months, it is obvious that this graph is only an estimate 
at best. To more accurately determine the fate of the bacteria in the 
system, a greater number of samples need to be taken over a longer period 
of time and with daily or even more frequent sampling. 
Not only does the amount of UV-B incident on the lagoon system 
determine the dose of the biologically active solar UV an organism would 
receive during transit, but also the penetration of the UV in the water 
is important (Figuresl3 and 5). From the attenuation it is calculated that 
the average UV dose to the lagoons is 4% of the surface intensity (5). 
Figures 14 and 15 show the approximate reduction of coliform densities 
as the secondary effluent progresses through the lagoon system. It is evident 
that the reduction percentages do not approach Marais (19) theoretical 
predictions of 99.99% ~eduction after going through a series of four ponds. 
H0wever, the reduction in coliform counts are sufficient to yield a fairly 
high quality effluent in lagoon four. The density of fecal coliforms in 
the final effluent consistantly met the standard for secondary contact 
recreation water of less than 2,000 fecal coliforms per 100 ml, as listed 
in the Biological Analysis of Water and Wastewater (1973). However, the 
total coliform density did not quite meet the standard of less than 10,000 
total coliforms per 100 ml recommended for secondary contact water. 
Finally, in regard to the lagoons which have been shutdown for up to 
six months, the data indicates that these lagoons average 1-100 fecal 
coliforms per 100 ml and 100-50,000 total coliforms per 100 ml. The 
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densities of these colifonns are usually on the lower end of these figures, 
resulting in water that falls well within the reconnnended limits for primary 
contact recreation (bathing, swinnning, diving) of 400 fecals/100 ml and 
2000 totals/100 ml. 
E. Survival of Non-pathogenic Microbes 
Figure 7 shows survival of organisms which appear to survive in natural 
aquatic systems without the protection of a host organism, These organisms 
are clearly more resistant to solar radiation than are the pathogenic 
bacteria. Even the organisms which regularly inhabit fresh waters are 
far too sensitive to remain at the surface on sunny summer days. The 
attenuation of UV-Bin natural waters permits survival of such sensitive 
organisms. If the waters of the lagoon system were well stirred, the 
average sunnner UV-B dose would be 0.8 SU (5), an apparently sublethal 
dose for the non pathogenic organisms, If however, the water was more 
shallow or as clear as some other natural waters in this area, then average 
daily doses of 5 or more SU per day would occur approaching the maximum 
tolerance of the test organisms. 
F, Responses of Protozoans 
Figure 8 shows that the protozoans are somewhat more resistant than 
the free living yeast and bacteria, but still sensitive enough to require 
some form of protection from solar radiation. Because larger organisms 
such as protozoans tend to grow more slowly than bacteria and thus replace 
fewer killed individuals in the interval between solar exposures, the larger 
more complex organisms would not be expected to tolerate as much killing 
as do the prokaryots. 
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For bacterial doseage, we have assumed as a first approximation that 
the organisms are stirred and receive the average dose that is delivered 
to the water body, The prokaryots are weak swimmers and would be carried 
through the water with even modest turbulence. However, protozoans can 
swim rapidly, and thus have the potential of controlling their exposure 
to solar UV-B by moving to more protected locations in the waters they 
inhabit. We have examined a number of lines of evidence to decide if 
protozoans do indeed control their exposure through positioning effects. 
Figure 17 shows the time course redistribution of the protozoans by 
horizonal motion under the three conditions of illumination. As noted in 
the methods section, equal numbers of organisms were placed in the three 
interconnected chambers ("light" "dark" and "UV"). Organisms redistributed 
themselves in characteristic ways. Coleps (figure 17) showed a small net 
movement out of the UV chamber into the light chamber, but did not appear 
to leave the dark chamber (or at least one third of the organisms were 
consistantly found in this chamber). Both Euplotes and Paramecium showed a 
muc~ stronger avoidance of UV by moving into the dark chambers and out of 
the UV (Figure 17),with approximately a third of the organisms remaining 
in the light chamber. 
From the behavior of Coleps in the horizonal positioning system, it 
might be assumed that this organism had less ability to sense radiation 
exposure than the other protozoans since it showed the weakest tendency 
to avoid the UV chamber. However, quite a different conclusion is reached 
when the vertical positioning response is investigated. Figure 18 shows 
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that in the dark, Coleps migrate to either the surface or the bottom of 
the tube in about a 50-50 distribution. Under illumination both ''UV" 
and "light", the Coleps population moves to the bottom of the cylinder. 
A small fraction is to be found at or near the top but the bulk of the 
population has been compressed into the most protected part of the test 
apparatus. These responses are further substantiated by the field collection 
data of Coleps (Figure 19). There is a clear correlation between the 
typical position of the organism and the solar irradiance at the time of 
collection (i.e. on sunny days Coleps is found deeper in the water than 
on cloudy days). Although Coleps does show some minimal discrimination 
between "UV" and "light" horizontally, it appears to be equally stimulated 
by both UV and visible light to move deeper in the water column. This data 
indicates that Coleps might be dependent on the UV-A or visible light for 
its sensing mechanism. If this were the case, ozone depletion would not 
intensify the avoidance stimulus to this protozoan since the shorter 
wavelength of UV could increase without a corresponding change in the 
longer "avoidance-triggering" wavelengths. 
Euplotes show a much greater ability to resolve UV-B from visible 
light. Vertically, Euplotes moved deeper in the water column in response 
to "UV", but many of the organisms remained near the surface when 
illuminated with "light." This is seen in Figure 18 whereby longer exposed 
organisms strongly avoid the UV-B (animals are compressed to the bottom 
of the tube) (3 and 5 hours), whereas those in the visible light are found 
both near the surface and at the bottom. The dark controls are also at 
the surface at 1 and 3 hours and randomly distributed through the tube at 
5 hours. Horizontally, Euplotes also showed a strong avoidance of UV, whereas 
those in the "light" chamber show little net movement out of this chamber. 
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(Figure 17), From the dose-response curve for survival of Euplotes, 
Figure 8, it is apparent that Euplotes has a lower UV-B tolerance limit 
than the other two protozoans. Because a surface dose of more than 
8 S.U. (which is highly lethal to Euplotes) occur frequently during summer, 
it is not surprising that Euplotes moves to protected areas both horizontally 
and vertically. 
Conversely, the UV-B resistant protozoanJar~~~cium (Figure 8) show 
a preference for the surface and does not avoid UV-B by moving deeper 
in the water column except after long exposure periods (figure 18). 
Unlike the other protozoans, paramecia are strongly attracted to intense 
illumination at 1 and 3 hours exposure (Figurel8,. However, with longer 
exposure times (5 hours, Figure l~ 8 hours data not shown), the paramecia 
also avoid the intense UV by migrating to the bottom of the cylinder, a 
more UV protected region. The vertical distribution pattern of this 
protozoan with increasing UV dosage correlates well with its higher UV-B 
resistance (Figure 8). It appears that Paramecia may be able to sense an 
integrated exposure, and remain at the surface for only a safe period of 
time. 
G. Arthropods 
The aquatic arthropods,copepods in particular, are extremely 
important components of marine food chains. Arthropods are also common 
and doubtless of great importance in fresh waters. As organisms become 
larger, they can more effectively shield themselves from solar UV radiation 
with self generated UV impervious layers. Thus, the greater doses of 
solar UV required for lethality in the arthropods (Figure 9) are not 
entirely unexpected. The generally higher resistance of the two strains 
isolated in Kentucky, compared with the Icelandic animals, could represent 
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an evolutionary response to the higher UV-B exposure at the lower latitudes; 
however, the fresh water organisms tested were not the same species as the 
Icelandic animals, and many more observations of closely related species 
would be required to establish the validity of such a hypothesis. 
In contrast to protozoans, the lethality of solar radiation does not 
become apparent immediately, but is only seen after a latent period of 
several days (Figure9), Cypris is one of the very few organisms tested 
which can withstand maximum daily UV-B dose incident on Kentucky without 
apparent injury. The other arthropod isolated locally, Cyclops is sub-
stantially more sensitive. Solar exposure is much more of a problem to 
Cyclops than to Cypris. 
Figure 20 shows the horizontal positioning behavior of these two 
arthropods. Cyclops shows an immediate avoidance of UV-Band a strong 
preference for the dark chamber throughout the entire experiment. On the 
other hand, Cypris prefer the lighted chambers, only moving into the dark 
chamber following six or more hours of irradiation. When the visible and 
UV chambers only are compared, Cypris shows a definate preference for the 
UV chamber where the total irradiance would be somewhat higher. (No 
vertical positioning data has been included for these two organisms since 
they simply remain at the bottom of the tubes, except for a small fraction 
that occasionally swim to the top and back down.) If solar UV-Bis a 
significant factor, then Cypris would need to possess a higher level of 
tolerance to UV-B than is required by Cyclops. That this is indeed the case 
as was shown in Figure 9. As Cyclops is irradiated with increasing doses, 
the life span for this organism shortens rapidly, However, Cypris shows 
no indication of any injury by even the highest doses of UV-B. From 
Figure 9, it is obvious that the irradiated organisms survived as well as 
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(or even better than) the unirradiated controls, and that the irradiated 
response simply represents the normal life span of Cypris. Clearly, two 
organisms are an insufficient sample to reach sweeping generalizations 
regarding the ecological role of solar UV, nevertheless, our observations 
continue to follow a pattern. Each organism is adapted as if solar UV 
were a significant factor; the very sensitive organisms show a lifestyle or 
behavior which keeps them out of sunlight, the resistant organisms can 
occupy niches which are more exposed. 
H. Algal Responses 
1. Lethal Effects 
While, in principal, bacteria or protozoans need not venture into 
the sunlight, algae and all plants will receive UV-B along with the light 
they must have for photosynthesis. If there are mechanisms by which living 
organisms can avoid injury by solar UV-B then the mitigating mechanisms 
would be most likely found in the plant kingdom. It is rather surprising 
that the algae are no more resistant to solar UV-B than are animals 
(F~gure 10). The marine diatoms are quite sensitive and the unicellular 
fresh water algae show high lethality at doses much less than the daily 
exposure dose. Combining the incident dose and the measured attenuation, 
the average UV-B dose to the euphotic zone of the Icelandic waters is 
about 1 SU/day on clear summer days. Doses of this magnitude are quite 
lethal to some of the more sensitive diatoms (Figure 10). 
The fresh water algae are somewhat more resistant than the marine 
diatoms and our observations of lethality agree quite well with the 
observations of McKnight and Nachtwey (20). Even the most resistant, the 
filamentous algae Rhizocolonium, is not tolerant to full summer UV-B. 
The response of Rhizocolonium seems paradoxical, the sensitivity of the 
57 
algae is less than the dose that this organism typically receives day 
after day since it floats at the surface of local ponds, receiving more 
than a lethal dose each sunny day. Close observation of the organism 
shows how the apparent contradiction is resolved. The filaments which lie 
at the surface are old and relatively inactive. New growth takes place 
by buds off old filaments which then grow downward from the senecent 
surface mat. By growing downward under a thick surface mat, the sensitive 
new growth is protected. A filamentous algae is obviously a multi-
cellular organism and solves its problems of solar UV-B injury in much 
the same way as higher plant~,i.e. inert tissues shield the critical 
germinal layers, and also the most exposed photosynthetic tissues are 
periodically replaced as higher plants do by shedding their leaves. 
Unicellular algae cope with solar UV injury in a different way. 
Although they have little swimming ability, bouyancy controls raise and 
lower the organisms in the water column. Many algae tend to rise upon 
illumination with visible light; we have observed that UV-B exposure tends 
to make irradiated specimens non-bouyant and doubtless strong turbulent 
currents would override the bouyancy controls to some extent. The details 
of the positioning controls of algae and their relations to UV-B dose and 
sensitivity are no more difficult to study experimentally than the 
positioning of aquatic animals and we hope to conduct such studies in the 
future. 
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2. Effects of UV-Bon Photosynthesis 
Figure 21 shows the incorporation of Cl4 into Euglena as a function 
of time of exposure to photosynthetic light following addition of C-14 
labeled bicarbonate. Aside from one questionable point, incorporation 
progresses linearly for about two hours and then continues at a somewhat 
lower rate. Figure 22 shows the effect of UV-B exposure on the relative rate of 
photosynthesis. Both real and simulated solar UV-B produced a measurable 
depression of photosynthetic rate. Real sunlight UV-B appeared to be 
more injurious than simulated solar UV-B given at the same average dose 
rate. While these teststend to confirm the previous reports that UV-B 
depresses the photosynthetic rate (21), tests on the effects of low intensity 
UV-B applied with low intensity visible light are required for assessment 
of possible reduction of primary photosynthetic production of aquatic 
ecosystems. Typical aquatic photosynthesis occurs well below the surface 
where both visible and UV-B irradiances are much lower than the surface 
values. 
3. Field Observation of Algae 
Algal abundance, species composition and condition can give explicit 
insight into the quality of water supply. Hynes (22) and the EPA list 
various algal genera commonly found in the polluted water (i.e. Chlamydomonas, 
Oscillatoria, Euglena, diatoms, etc.), as well as common forms of plankton 
and algae found in clear water (i.e. Ulothrix, Ankistrodesmus, Micrasterias, 
etc.). Patric (23) set forth the principal that in natural or healthy 
streams the algal flora is represented by a high number of species, most 
of them with relatively small populations. On the other hand, the effect 
of pollution is to reduce species numbers; to cause a greater uneveness in 
size of populations of species, with some becoming extremely common; and to 
59 
500 
400 
-z 
~ 
c:n 300 .,__ 
z a 
u -
>-
.,__ 200 
> .,__ 
~ 
2 3 
TIME (HOURS) 
Figure 21. Photosynthetic cl4 Incorporation by Euglena gracialis 
as a Function of Time of Illumination. 
60 
(T'. 
-
100 
z 
Q 
~ 80 
a:: 
0 
a.. 
a:: 
0 60 u 
z 
w 40 
> 
~ 
_J 
w 20 
a:: 
~ u QI I )I I I I ::::::t I I I )I I I I Y I I 
SIMULATED UV 
7/11/77 
SUNLIGHT 
7/13/77 
SIMULATED UV SIMULATED UV 
8/11/77 8/15/77 
Figure 22. Effect of UV-B Exposure on the Relative Rate of Photosynthesis. Clear Bars Represent ''UV 
Exposed'' Samples; Cross-hatched Bars Represent the Light Controls. 
cause a shift of kinds of species composing the algal community. In 
other words, an influx of sewage and other nutrient-rich pollutants can 
dramatically change the types and densities of algae in a lake or stream. 
Thus by surveying the trends and variations in algal populations, it can 
be determined as to whether the quality of the water is improving or 
deteriorating. Furthermore, algal species and concentration are important 
in that they affect the dissolved oxygen, pH, alkalinity, turbidity, odor 
and other parameters of water quality. 
Twenty-seven genera of the photosynthetic organisms were observed in 
the plankton of the four lagoons and Water Company Reservoir. Identification 
of the Phyoplankton was determined only to the genus level. The following 
is a list of all the plankton found over the period of April through 
September 1976. 
Chlorococcales: 
Actinastrum 
Ankistrodesmus 
Botryococcus 
Golenkinia 
Micractinium 
Oocystis 
Pediastrum 
Scenedesmus 
Tetraedron 
Chroococcales: 
Anacystis 
Cryptomonadales: 
Cryptomonas 
Euglenales: 
Euglena 
Petalomonas 
Oscillatoriales (blue-green algae): 
Anabena 
Oscillatoria 
Pennales (Diatoms): 
Navicula 
Nitzschia 
Peridiniales (Dinoflagellates): 
Peridinium 
Ulotrichales: 
Protococcus 
Ulothrix 
Volvocales (Green Algae): 
Chlamydomonas 
Gonium 
Haematococcus 
Pandorina 
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Zygnamatales: 
Netrium 
Staurastrum 
Zygnema 
Some seasonal occurranceof the various genera was seen between those 
common algal forms found in early spring and those found later in the 
summer. Pandorina, Oscillatoria, and Pediastrum were present in April and 
May; whereas, Botryococcus, Golenkinia, Anabaena, and Actinastrum were 
commonly found in July through September. In contrast, Chlamydomonas, diatoms, 
Scenedesmus, and Euglena were present throughout the entire sampling 
period. 
Table V gives a list of the most numerous algal types present in 
each lagoon (and the reservior) for each month. The organisms are ranked 
in the 3 to 4 most numerous groups according to frequency in which they 
occurred during each month, this was determined not on total numbers, but 
on predominance over the period of time. Also the lagoons receiving the 
secondary effluent from the treatment plant and the lagoons not in present 
operation are indicated in order to give proper prospective to the sewage 
loading of the individual ponds. From the data, several generalizations 
on the adaptability of the organisms can be noted. 
(1). The group inhabiting most of the lagoons (and reservior) through-
out the entire sampling period, and not precluded by the amount of sewage 
loading are the diatoms. These organisms were found in the lagoons 
directly receiving the secondary effluent from the treatment plant, as well 
as being present in lagoons that had been out of operation for up to six 
months. The latter and the Water Company Reservior should constitute 
water with much less nutrient-rich pollutants in comparison to the lagoons 
receiving the secondary effluent. 
(2). The group preferentially inhabitating lagoons with heavy sewage 
loadings were the "Chlamydomonas-type" organisms and Actinastrum. 
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"' +"" 
OPERATING LAGOONS NON-OPERATING LAGOONS 
Fi rs t Second Third Second Third Fourth Reservoir 
Secondary Lagoon Lagoon Lagoon Lagoon Lagoon Lagoon 
Month Effluent Output Output Output Output Output Output 
-
Apri I Chlamy. Chlamy. Chlacny. Euglena Chlamy. 
Diatoms Euglena Euglena Chlamy. Scenedes. 
Euglena Netri um Scenedes. Pamal loid Diatoms 
Chlamy 
May Diatoms Chlamy. Chlamy. Scenedes. Scenedes. Euglena 
Chlamy. Diatoms Euglena Protococ. Di atoms Diatoms 
Scenedes. Protococ. Oscillat. Pi atoms Protococ. Protococ. 
Pedi astr. Pediastr. Scenedes. 
June Diatoms Chlamy. Diatoms Scenedes. Scenedes. Ultrichales 
Scenedes. Diatoms Scenedes. Diatoms Protococ. Diatoms 
Chlamy. Protococ. Euglena Protococ. Diatoms Euglena 
Protococ. Ch 1 amy. 
July Chlamy. Ch 1 amy. Bot ryoc. Scene des. Scenedes. Chlamy. 
Actinas. Actinas. Scenedes. Botryoc. Diatoms Ultrichales 
Diatoms Diatoms Diatoms Chlamy. Petamon. Euglena 
Protococ. Anabaena Diatoms Botryoc. Anabaena 
----
Aug. Chlamy. Chlamy. Golenkin. Go 1 enki n. Anabaena Chlamy. 
Go 1 enki n. Eug I ena Botryoc. Anabaena Botryoc. Euglena 
Actinas. ·Diatoms Scenedes. Scenedes. Scenedes. Scenedes. 
Actinas. Diatoms Chlamy. 
----·-
Sept. Chlamy. Ch I amy. Go lenki n. Diatoms Anabaena Ch lamy. 
Actinas. Actinas. Scenedes. Golenkin. Diatoms Diatoms 
Diatoms Diatoms Chlamy. Zygnema Zygnema Scene des. 
Gol enki n. Diatoms Scenedes. 
Table V. Algae Present in Lagoons and Reservoir From April Through September. The Most Numerous 
Organisms Are in Decending Order for Each Sampling Time and Location. 
(3). The algae tolerant to pollution and well adapted to lagoon 
conditions, but with some tendency to avoid heavier loadings were: Euglena, 
Scendesmus, Protococcus, and Golenkinia. 
(4). Well-adapted to lagoon life, but sporatic in occurance: 
Oscillatoria, Micractinium, and Ankistrodesmus. 
(5). Favors light loadings or unpolluted water: Pandorina, Pediastrum, 
Ulthrix, Anabaena, Botryococcus, and Zygenema. 
Downs·trearn from sources of domestic wastewater organic 
matter will be oxidized, the algal flora may become abruptly abundant due 
to phosphates and nitrates which act as fertilizers to spur growth of algae. 
This biological phenomenon became a problem in the lagoons not directly 
receiving the plant output. In these more distant lagoons, the oxidizing 
bacteria have stabilized the organic matter into nitrates, sulfates, 
phosphates, and carbonates. These, together with the carbon dioxide 
formed in the anerobic decomposition, are plant foods (24). Also 
many of the solids have settled and the water is less turbid, resulting in 
greater penetration of sunlight into these ponds. Thus, the algae found 
favorable conditions and flourish in the abundant nutrients. However, the 
algal bloom resulted in several unfortunate consequences. 
Because the law requires that "particulates" in the wastewater not 
exceed certain limits when emptied into the receiving waters, algal growth 
required the shutdown of all lagoons except the one directly receiving the 
secondary effluent. It is regretable that algal populations fall under 
the catagory of "particulates" since algal growth is a normal part of the 
natural purification process that occurs below a sewage outfall. Furthermore, 
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since algae are classified as a particulate and because chlorination takes 
place after the final lagoon, this makes the problem of algal blooms 
difficult to remedy. One could theorize that if the bloom was allowed to 
enter the creek without chlorination, certain amount of the algae would 
die due to a decrease of nutrients in the creek. However, there is no 
doubt that almost all the algae die if the water is chlorinated immediately 
before being emptied into the receiving stream. Chlorination thus results 
in a high BOD, nuisance odor, and a longer self recovery of the receiving 
stream. Since sewage wastewater must be disinfected, the chlorination 
step or some other form of killing pathogenic bacteria must be used. However, 
one must question the validity of chlorination being the last step in the 
tertiary treatment. It seems more reasonable to chlorinate (or even better, 
disinfect with ozone), the secondary effluent as it leaves the plant, 
then allow the chlorinated water to enter the stabilizing lagoons. This 
would remove a large number of bacteria while no longer imposing such a 
great residual chlorine burden on the creek, since most of the free chlorine 
and secondarily formed chloramines would be dissipated. Furthermore, a 
large extent of the stabilization and natural purification could occur in 
the lagoons instead of the creek itself. 
Perhaps even the algal blooms could be eliminated by starting rooted 
plants in the recovery lagoons. These higher plants would assimilate most 
of the nutrients thus avoiding the planktonic algal blooms which can enter 
the creek. The rooted plants would have to be "thinned" periodically to 
prevent their decomposition and because large masses of the aquatic plants 
might tend to de-oxygenate the water by their normal respiratory processes 
at night. 
66 
Another alternative for eliminating or contro.lling plankton blooms 
could be the use of fish as a means of harvesting the planktonic algae. 
Schroeder (25) reports that fish appear to be an effective means of 
utilizing the plankton and bottom fauna often found in oxidation ponds. 
He found both the DO and pH are significantly and considerably higher 
in ponds stocked with fish. Both of these changes resulted in an effluent 
low in BOD, nutrients, and bacteria. Furthermore, the systematic harvesting 
of fish would be an effective method of removing nutrients from the ponds. 
The fish could be harvested directly in the lagoons or be released as 
game fish into the receiving stream. 
In summary, it is possible to show whether the quality of water is 
improving or deteriorating by surveying the variations in algal populations. 
However, it is regrettable that it was not possible to show changes as 
water progressed through the series of lagoons since many of the lagoons 
were not operating during the period of this investigation. 
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CHAPTER IV 
MODELS AND ANALYSIS 
While laboratory and field observations are essential to elucidating 
the role of solar radiation in aquatic ecosystems, data alone does not 
provide conclusions. The observations must be fit into some structure 
which presumes interrelations between the important factors which affect 
biological or ecological responses. The actual interactions between the 
various components and agents of real ecosystems are impossibly complex. 
We have attempted to extract some relationships which we feel would be the 
most critical, predominating, or controlling factors. Although any mod·el 
is an idealization of reality, the critical factors regarding solar action 
are related mathematically in our models in ways which we feel to be 
justified on logical grounds. When laboratory and field data are entered 
into our models, some of the biological and ecological actions of present 
and projected levels of solar radiation become predictable. The models to 
be described are limited and crude yet they predict a general and consistant 
pattern of solar UV-B action. Naturally, we hope that study of solar UV 
action will continue; with further effort, models and predictions will 
certainly become more refined and precise. 
A. Model for Maximum Tolerance 
While most ecological parameters are difficult to determine, the 
lethality of radiation for a given species is easily observed in the 
laboratory. It is however, quite difficult to decide just how much lethality 
a species could tolerate in nature. Obviously, a species which multiplied 
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through many generations each day can tolerate a larger daily fractional 
killing than can organisms which require many days or weeks to pass 
through one generation cycle. 
1. The Replacement Limiting Model 
Various authors have proposed that the lethal (15,26) and the growth 
delaying action (2;7, 28) of solar UV are significant ecological factors. 
It is, however, quite difficult to translate the reasonable but intuitive 
feeling that solar radiation has an important impact on various ecosystems 
into quantitative proof for assessment of such an ecological action. 
Many ecological theories are oriented toward the prediction of relation-
ships between the living components of ecosystems and the resources of their 
environments (nutrients, shelter, etc.), components interrelated through 
exceedingly complex relations. Some forms of pollution of the environment 
are directly dependent on only physical relations and are amenable to 
simpler theoretical treatments. For example, nuclear fallout from nuclear 
detonations produces radiation exposure. The dosage incident on the 
biosphere will, in general, be independent of the reaction of the biota. 
While some modifications of the environment are essentially instantan-
eous steps to a modified level of the critical factor, the impact of solar 
UV-Bon aquatic systems demands a more complex treatment. Solar ultraviolet 
radiation is one of the most variable of environmental agents. The intensity 
of UV-Bat the water surfaces varies with the annual and daily rotations of 
the earth, the atmospheric content of ozone, with local cloud cover and, for 
small water bodies, with the immediate environment. Furthermore, although 
the environmental insult might not be biologically modified, the biota of 
the ecosystem remain in their complex relationships to each other and to 
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other physical factors in the environment. Aquatic and other ecosystems 
demonstrate a high level of long term stability; while varying considerably 
in short time intervals, numerous common species appear to have maintained 
their position in the ecology for long periods of time with minimal modifica-
tion or evolution. 
With sufficient data, one might attempt to assess a factor such as 
increased solar UV-Bin the manner schematically represented in Figure ?3A. 
An appropriate generalization of the Lotka-Volterra equations, equation 1, 
(29) could be used to simulate the simple food webb relation shown in 
Figure 23A. 
X x(a-bx-c1y) 
y = y(-e+c1x-czz) 
z = z(-f+c2y) 
Equation 1 
Where x, y and z represent the densities of organisms in the food webb; x 
being the prey (bacteria for example) of the primary predatory (Tetrahymena) 
and z the secondary predator (flatworm) respectively,~. y and z being the 
time rates of change of the appropriate variables. The constants a and b 
represent growth rate and nutrient limiting factors for the prey species; e 
and fare the natural mortality rates of the predators; the various constants 
(c) are determined by the efficiency of predation as prey and predator 
encounter by chance. 
Smith (18) shows that the food webb simulated by this equation could 
exist in an equilibrium condition with positive values for x, y and z. 
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Figure 23A. Schematic Representation of the Effect of Solar 
UV-8 Radiation in a Three Member (i.e. Bacteria, Protozoan, 
Flatworm) Ecosystem Following the Lotka-Voltera Equation. 
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Figure 238. The Effect of Solar UV-Bon the Same Three Member Eco-
system as Interpreted by the Replacement Limiting Model. 
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If it were assumed that the primary predator (y) were the only 
member of the food webb sensitive to solar UV, then equation 1 might be 
modified using a (daily) fractional killing constant (K) yielding 
• x = x(a-bx c1 Ky) 
• y = y(-e+c1x-czz-K) Equation 2 
z z(-f+c2Ky) 
and since equation 2 is no different in form than equation 1, a new equilib-
rium condition could eventually be attained. 
As depicted in figure 23A upon increased UV-B, again assuming only the 
primary carnivore to be sensitive, there would be a transient decrease in 
the primary carnivore and an eventually restoration of a new equilibrium 
level with a higher level of food (bacteria) and lower levels of primary and 
secondary carnivore. Although the three component systems depicted in 
figure 23..A represent an unrealistic generalization from nature, the math-
ematical formalism to calculate equilibrium population sizes is not simple. 
The major obstacle to the computation of new equilibrium population sizes 
is not, however, the mathematical complexity but the lack of the critical 
biological parameters (a-f) to put into the mathematical representations. 
Solar UV-Bis a factor which is amenable to a less rigorous or elegant 
formalism but a formalism which can produce definitive conclusions from the 
imperfect kinds of biological data presently available. While UV-B doses 
are highly variable, they can be generalized and approximated as an acute 
dose delivered during a short portion of the day, for instance the 4 hours 
centering on noon (Figure 1) the remainder of the day (20 hours) can be 
considered a recovery period. Figure 23B illustrates the central concepts 
of the Replacement Limiting Model. If more organisms are killed by the 
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acute exposure that can be reP.laced during the recovery period then the 
population would gradually be depleted. If the cycle continues then a 
sensitive population will eventually vanish. To apply this model, one 
should know the net replacement which actually occurs between exposures. 
In a real ecosystem, the net replacement of organisms will depend on many 
factors, predation, nutrients, temperature, oxygen, etc. and is not easily 
or frequently determined. The Replacement Limiting Model incorporates a 
further specification. Both conceptually and in the laboratory, a species 
can be isolated from its normal interactions with its environment. Predators 
and other lethal factors can be removed; nutrients and physical variables 
can be supplied at optimum levels. By varying growth conditions (temperat~re, 
nutrients, etc.) optimum growth rate for an organism can be determined, and 
further variation will not increase growth rate. Under optimun conditions, 
the growth of a species appears to be controlled by its intrinsic nature 
and variation of extrinsic factors cannot increase the growth rate. The 
optimum growth rate constant of organism y (g) is of course related to 
constants e and c1 which assumes that growth rate is controlled by prey 
species density and not intrinsic factors. 
If a species is growing at the optimum rate and free of all other 
sources of mortality (predators, physical factors, etc.) then it is possible 
to determine the maximum cyclic killing which they could tolerate (Kmax). 
If under optimum conditions a population cannot regenerate the component of 
the population killed before the next acute exposure then the population 
will eventually be diminished to extinction. The exposure which kills the 
fraction that can be replaced has been termed the Replacement Limiting 
Dose (RLD). Natural environments are not optimun for growth and free of 
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hazards and so the RLD is clearly the maximum tolerable dose. One additional 
factor must be incorporated into the replacement limiting model, The entire 
recovery period may not be available for growth since, as noted by Jagger 
(27) and Calkins (28) exposure to near lethal levels of an agent such as 
solar UV-B often ·delay the growth of the survivors and, thus, shorten the 
period for recovery. 
Expressing the relationships illustrated in Figure 2 mathematically 
Equation 3 
where Yo is the surviving fraction following the acute radiation. Also 
y = Yoe gt (rec) Equation 4 
where t(rec) is the time available for recovery i.e. time between exposures 
minus the time of growth delay of the survivors; thus, 
Kmax = e-gtrec Equation 5 
Radiation lethality is only rarely a simple analytical function of dose. 
However, in contrast to equations 1 and 2 which critically depend on con-
stants that are almost impossible to determine, the RLD is easily estimated 
from laboratory observations of growth rate and dose-response observations 
for lethality and division delay. 
While the Replacement Limiting Model is based on very simple and obvious 
concepts it can yield definitive and clear conclusions regarding the ecologic-
al role of an environmental factor such as sunlight. Measurement of the RLD 
of solar UV-B for a wide variety of aquatic organisms (Figure 24, Table VI) 
has shown that micro-organisms with sufficient UV-B resistance to dwell at 
the water surface in summer are very rare. Avoidance of solar UV-Bis necessary 
and, thus UV-Bis a factor of ecological significance even at its present 
intensity. 
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Figure 24. Organ.isms in the Mixed Layer or in Sha I low Freshwater wi 11 
Receive 1-5 SU. The Tolerance Is Compared to a 4 SU/Day Dosage. The 
Tolerance of Some Organisms Exceed the Daily Dose, Others Are Less Tolerant 
Than Their Exposure. Dotted Bars Indicate Motile Organisms Which Evidently 
Avoid Exposure. Paramecium and Rhizocolonium Remain at the Surface But 
Have Special Abilities to Avoid Excessive Exposure as Noted in the Text. 
The Typical Exposure in the Marine Situation Is I SU/Day Which Is Equal or 
Less Than the Tolerance of the Diatoms. The Copepods Could Not Tolerate 
I SU/ Day But Are Motile and Evidently Avoid Exposure in Their Natural 
Situation. 
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Table VI. Calculated Maximum Tolerance (Replacement Limiting Dose) •. 
Organism RLD in SU 
Ni tzschia 
Skeletonema 0.7 
Chaotoceros debilis .s - I. 3 
C. decipiens .6 - 2.3 
Thalassiosira polychordum 2.5 - 3 
T. gravida >4 
Table VII. Change in Visible Light Avai !able for Photosynthesis as a 
Result of Compensation for a 10% Increase in UV-B. 
Location Station 6 Visible 
Iceland 25 3% 
Iceland so 5.2 
Chesapeake Bay;, D 2.26 
San Di ego'"'' c 4. 14 
PLlerto Rico;, c 4. 25 
,·, from Cal kins 1975 
,•,-:,unpublished observations 
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B. Positioning Dependent Models 
Some further implication of the ecological effect of solar UV-Band 
the possible environmental hazzards of ozone depletion can be assessed by 
utilizing two models, the proposed models represent two extreme cases 
regarding solar UV injury and response, Model 1 assumes that the organism 
has a high capacity to cope with UV-B exposure, that it senses solar UV 
and responds by avoidance (moving down in the water column), assumptions 
which are more valid for larger complex organisms with substantial ability 
to swim rapidly. Model 2 assumes that the critical organisms have little 
ability to sense UV and to control their position. Assumptions which are 
more vaild for small weak swimming organisms such as diatoms, The actual 
marine plankton doubtless respond in ways intermediate between these 
extren1e cases. 
1. Model 1 
It it is assumed that aquatic organisms control their vertical position 
in the water column to maintain a given level of UV-B exposure then, from 
measurements such as ours, the effect of increased UV-B upon the availability 
of visible light can be readily computed. (We note, however, that the 
ability of photosynthetic organisms to directly sense UV-B exposure has not 
been extensively tested). To maintain a set position in the water column 
would require a swimming or positioning ability equal to or greater than the 
vertical component of any mixing currents. The sensing and swimming 
requirements of this model make its application much more reasonable in the 
case of larger zooplankton and other marine animals than for the marine 
phytoplankton. Some of the phytoplankton can swim and even organisms 
essentially without swimming capacity frequently control their vertical 
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location through bouyancy changes. Vertical position control by the 
diatoms we have tested would be easily overridden by strong turbulent 
mixing. 
Figure 25 illustrates diagramatically the reduction of visible light 
which would accompany the repositioning of an organism in the water column 
to a new level maintaining a constant UV-B dosage, assuming (for convenience 
in illustration) that the incident UV-B were doubled. It should be 
especially noted that, with semilogarithomic attenuation of both 526 and 
UV-Bas was observed off Iceland, the percentage change in visible light 
available to the organism will be exactly the same regardless of its initial 
position. It is often assumed that the organisms deep in the water column 
are "shielded" from solar UV-B effects and only the near-surface organisms 
would be affected. The extreme sensitivity of photosynthesis to UV-B 
exposure which Lorenzen (21) demonstrated suggests that organisms quite 
deep in the euphotic zone could be affected by UV-B. Table VII shows the 
change in visible (green) light which would accompany an adjustment of 
position upon a 10% increase in UV-B dosage. In the case of the marine 
stations of low productivity, the loss of visible irradiance would be about 3% 
Ho~vever, for the stations showing a relatively high photosynthetic 
productivity, the loss of visible irradiance would exceed 5%; similar 
computations for other areas which have been surveyed are listed. While 
the calculated reductions of visible light seem rather small, if they reduced 
the efficiency of primary photosynthesis and the feeding by zooplankton 
by equal fractions in all aquatic ecosystems, then the ultimate productivity 
of many areas, expecially the oceanic upwelling areas(artic and antartic) 
where light for photosynthesis is minimal, would be depressed by at least 
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this amount. Considerating the present high utilization and frequent 
over utilization of marine resources, a 3% reduction of marine harvest 
would be a serious loss. 
2. Model 2 
The essence of positioning model 2 is illustrated by Figure 26. For 
evaluating UV-B effects on phytoplankton,it is more appropriate to assume 
that there is frequent overturn within the euphotic zone. We are quite 
aware that there may be periods with a little stirring and that the 
thermocline presents a barrier to deep mixing, however, it is not uncommon 
for the stratification of natural waters to roughly coincide with the 
euphotic zone. 
If mixing goes far below the compensation point (depth where res-
piration equals photosynthesis= Zez, commonly assumed to be the depth 
receiving 10% of the surface irradiance), then respiration may, during a 
mixing cycle, exceed the photosynthesis during the time spent above the 
compensation point and growth of the phytoplankton is impossible. If the 
barrier to mixing, the thermocline or bottom is not far below the depth of 
the compensation point, then we may, as a first approximation, regard time 
spent below the compensation point as immaterial to solar UV-B response. 
The major factor compensating for UV-B killing of phytoplankton will be the 
growth of the surviving portion of the population at risk. During the time 
spent below the compensation point there will beno contribution to growth 
capacity; likewise there will be essentially no further UV-B exposure. 
Such second order effects as the continued respiration and possible "dark" 
repair processes which might occur during time below the compensation level 
are, for the present, neglected. The objective of the foregoing argument is 
81 
MODEL 2 THE 
II 
UNIFORM DOSAGE" MODEL 
-
~ 
\ 
) 
/ 
WATER SURFACE 
IT IS ASSUMED THAT• 
I CRITICAL ORGANISMS HAVE 
LITTLE OR NO ABILITY TO 
CONTROL THEIR POSITION 
IN THE WATER COLUMN 
2. WATER CURRENTS WI LL 
CIRCULATE THE CRITICAL 
ORGANISMS THROUGH THE 
ILLUMINATED ZONE AT 
FREQUENT INTERVALS 
.....____ BOTTOM= z 8 -----OR ZEZ 
ZEz IS THE DEPTH OF THE EUPHOTIC ZONE 
CIRCULATION BELOW ZEz IS.AS A FIRST APPROXIMATIO.N, 
NEUTRAL FOR PHYTOPLANKTON 
THE AVERAGE DOSE {DA) 'f/HEN THERE IS EFFECTIVE MIXING 
D - lo ( 1-e-KZB) 
:A - KZ
8 
to justify the use of Zez as a reasonable depth for the purpose of 
calculating average UV-B dose in the case of strongly stirred phytoplankton. 
With the exception of ThalassiOsira, all marine diatoms (Figure 10) 
indicated substantial mortality when irradiated with doses of 1 SU. A 
clear summer day will deliver an average dose of approximately 1 SU/day to 
the euphotic zone of the waters off Iceland. Thus, it appears that the 
marine phytoplankton (diatoms) which we have tested are at present near the 
maximum levels of solar UV-B which they could tolerate. 
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CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY 
A. Pathogenic Organisms 
We have shown pathogenic bacteria to be so sensitive to solar UV-B 
that solar radiation probably makes a major contribution to the natural 
purification of water. Simulations and further field observations supported 
our previous work suggesting_!::_. coli removal from natural waters is 
largely a solar UV aci:ion. 
Because of time limitations, we were unable to investigate the role 
of predators and the high sensitivity of E. coli during periods of low 
temperature, two areas of anticipated study at the beginning of this grant. 
Our observation that the rapid decline of_!::_. coli in stored wastewater 
which begins after a few days growth could not be attributed to predators 
merits additional study. Study of the action of solar UV on other pathogens 
responsible for such diseases as tuberculosis and typhoid fever should 
enhance our understanding of the epidemcology and natural history of these 
diseases. The elemination of viruses from wastewater remains an important 
problem in water treatment. The role and effectiveness of solar UV in 
virus killing is an important area to be studied. 
B, The Competitors and Predators of Pathogenic Bacteria 
Non-pathogenic free living bacteria and the ciliates which compete 
with bacteria for nutrients or actually feed on sewage bacteria are more 
resistant to solar UV exposure than the pathogens. Their resistance is not 
sufficient that they could remain at the surface on a long term basis. 
The protozoans respond to solar radiation by moving to more protected 
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areas. The movement of protozoans to lower levels during higher sunlight 
could provide a more effective and uniform killing of pathogens throughout 
the day; the bacteria at the surface would be killed by solar UV while 
those near the bottom receiving the low solar radiation would be eaten by the 
predators. It might appear that an increase of solar UV would provide 
quicker disinfection of wastewater but until the role of the protozoan 
predators is quantitatively established the injury to predators might be 
more significant than the direct UV killing of the pathogens. The 
protozoans are an important link in the aquatic food chain and reduction of 
protozoans by increased solar UV could reduce the number of many desirable 
organisms which prey on protozoans but are unable to feed directly on 
bacteria. 
It is important to continue studies on the ecological relations of 
the aquatic components. A factor which may prove significant is the manner 
in which the UV avoidance reactions of protozoans and arthropods are 
generated. If UV-Bis the stimulus which the animals sense and avoid, they 
may be able to survive the increased UV which would follow ozone depletion. 
If, however, the animals use longer wavelengths as clues to possible solar 
damage, then their avoddance reactions may not correspond to the actual 
danger. Further studies of the spectrum which produces the positioning 
reaction appear to be quite important. 
C. Arthropod Reactions 
Cyclops sense and avoid UV-B exposure while the much more resistant 
Cypris seems to prefer high light situations, at least for short exposure 
periods. Our studies show that behavior and UV-B resistance are correlated 
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in a manner suggesting UV-B to be important and that different compensatory 
mechanisms have evolved in different organisms. Our observations raise 
many questions to be answered by further research, Does the high resistance 
of Cypris arise from a high ,.,elanin content? Which part of the solar 
spectrum induce the avoidance reaction? Would study of additional 
organisms confirm the higher resistance of the Kentucky copepods compared 
to the less exposed Icelandic copepods? Would collection of larger water 
samples with significant numbers of arthropod show correlations of 
location with solar irradiance as the Coleps do? 
D. Algae 
Algae were found to show sensitivity to solar UV-B approximating 
that of protozoans which are of similar size range. Clearly, these plants 
have not evolved screens or repair capacity which would make them innnune 
to UV-B exposure or even able to withstand one day exposure at the water 
surface. Small organisms such as algae and bacteria have advantages in 
ability to collect nutrients, they have a large surface to volume ratio. 
However, they seem to be unable to generate effective intercellular UV 
screens and would thus tend to be more UV sensitive than large multi-
cellular organisms with inert skin, bark or cuticle. Small organisms 
also tend to be slow at swimming and direct rapid avoidance is limited in 
a turbulent situation such as the oceans. Diatoms have been observed 
to position through bouyancy changes, rising with light, but sinking 
after UV-B exposure. The bouyancy changes would aid in using the water 
column. However, under conditions of strong stirring both the marine 
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diatoms and the unicellular fresh water algae (in shallow waters such as 
the wastewater lagoons) receive UV-B doses near their limits of tolerance. 
The filamentous algae which floats at pond surfaces in summer also lacks 
sufficient resistance. The mode of growth, with the sensitive new filaments 
forming under the protection of senescent surface mat, compensates for the 
lack of cellular resistance in a way analagous to higher plants. 
In confirmation of Lorenzen's (21) observations, solar UV inhibits 
photosynthesis. We did not examine enough levels of UV and visible 
intensity to evaluate the direct depression of photosynthesis which might 
occur with increased UV-B. If it is assumed that planktonic plants 
regulate their position in the water column to limit their !J'7-B exposure 
(perhaps through bouyancy) then the loss of primary photosynthesis for a 
given increase in UV-B can be calculated. For highly productive waters, 
a 10% increase in UV-B would depress primary photosynthesis by as much 
as 5%. 
General Comments - Operation of Lagoon Systems 
In the course of this project, the operation of 3 of the 4 lagoons 
was stopped due to particulate emission, the particulates being algae. 
It would appear that the regulations regarding operation of lagoons 
following secondary treatment of wastewater might be examined. Clearly, 
if retention in lagoons contributes to the quality of water being 
released then to shut down the lagoon system is wasteful - and lowers 
water quality. Algae killed by chlorination at the time of release are 
undesirable; however, the release of live algae might oe more ecologically 
desirable than the release of an equivalent amount of nutrients which 
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must occur in the water passing through only one lagoon. To avoid 
releasing chlorine killed algae the chlorination step could be inserted 
between the secondary treatment output and the lagoon system. The optimum 
arrangement of disinfectant and lagoon system should be the subject of 
continuing research. 
General Comments - Ecological Role of Solar UV-B 
Although our results indicate a UV-B tolerance remarkably close to 
the minimum value which would be compatible with the solar UV exposure 
and behavioral patterns of the organisms in question, we do not feel 
excessive interpretation of the precise numbers is justified. We realize 
that real ecosystems may contain factors and interactions which even the 
best conceived models fail to consider. 
However, the observations in Kentucky,off Iceland,and at a few other 
locations fit a clear and constant pattern. Wherever quantitative estimates 
of UV-B tolerance are compared to UV-B exposure the two are remarkably 
close (5,27,14). It would seem that regardless of the manner in which a 
living organisms attains its resistance to solar UV-B exposure, whether by 
radiation repair systems, by protective screens and pigments, or by life-
style and behavior, resistance to solar UV is bought at the expense of 
other potential resources. This being the case, organisms tend to have 
only the minimum tolerance required. The continuing observations of such 
a pattern of responses should be a warning that increasing of the amount of 
UV-Bat the earth's surface could provide the additional stress to eliminate 
species which are presently near the limit of their viability. If the 
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sensitive aquatic biota were replaced with resistant organisms could we 
predict the overall effect on water quality, on photosynthetic efficiency, or 
how the higher members of the food chain would react to such a changed 
food supply? 
The establishment of an ecological role of solar UV must primarily 
rest on circumstantial evidence. One can never be sure that the resistance 
to UV-Bis not a "spin off" of some other characteristic vital to the 
organism. There are doubtless many organisms dwelling in caves, lake 
bottoms or deep in mud or soil which are not exposed to solar UV-Band 
need no special protection from sunlight,and the high sensitivity of such 
organisms to sunlight might arise from unknown actions. It would be 
tragic to deplete the ozone screen through human indifference and then 
discover that profound ecological ac.tions d.id indeed occur, especially if 
the ecological consequences could have been predicted by reasonable 
interpretation of the available data. 
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